Introduction
============

Brain senescence is a major risk factor for most human diseases ([@b1-ijmm-45-04-1091]). It commonly leads to cognitive impairment and several neurological and neurodegenerative diseases, such as dementia, including Alzheimer\'s disease (AD), Parkinson\'s disease and vascular dementia. It was previously demonstrated that \~26.9% of the total Chinese population will be aged \>65 years by 2050, placing China among the countries with the highest proportion of aged individuals worldwide ([@b2-ijmm-45-04-1091]). However, the mechanisms underlying brain aging remain elusive, and effective prevention methods are required.

Sodium channel voltage-gated beta 2 (SCN2B), an aging-associated gene ([@b3-ijmm-45-04-1091]), is expressed in the central nervous system and in cardiac tissue ([@b4-ijmm-45-04-1091]). Previous data demonstrated that SCN2B is involved in maintaining the normal physiological functions of the prefrontal cortex and hippocampus, and may be associated with the decline of aging and memory in the prefrontal cortex of senescence-accelerated mouse prone 8 (SAMP8) ([@b5-ijmm-45-04-1091]). Compared with the control group, the results from the present study suggested that the expression of SCN2B in the prefrontal cortex of SAMP8 mice increased with increases in age, which is the basis of dysfunction. These increases are accompanied by dysfunction ([@b5-ijmm-45-04-1091]). It was also identified that the downregulation of SCN2B by 60.68% significantly improved hippocampus-dependent spatial cognitive memory in aged transgenic mice, and increased the synaptic excitability of the hippocampus by increasing the number of spinous processes in hippocampal neurons ([@b6-ijmm-45-04-1091]). Furthermore, it was also observed that sodium current density in hippocampal neurons and neuronal activity were partially restored following knockdown of voltage-gated sodium channel β2 (Navβ2), encoded by SCN2B, in APP/PS1 mice ([@b7-ijmm-45-04-1091]). These results suggested that increased SCN2B levels may be responsible for aging-associated cognitive decline. However, the regulators of ectopic SCN2B expression in the aging brain remain unknown.

Previous studies revealed that aging induces various changes in the expression of multiple genes at the single-neuron level, which may be attributed to the regulation by microRNAs (miRNAs/miR). For example, Kadakkuzha *et al* ([@b8-ijmm-45-04-1091]) demonstrated that 1083 Expressed Sequence Tags (ESTs) were differentially regulated in mature and older R15 neurons; French *et al*, found many genes overexpressed were downregu-lated with age in layer 2/3 glutamatergic neurons ([@b9-ijmm-45-04-1091]). miRNAs are small non-coding RNA molecules measuring \~20-22 nucleotides in length. By binding to the 3′untranslated region (3′-UTR) of a target gene, miRNAs induce post-transcriptional regulation of gene expression and silence the expression of protein-coding genes, which are involved in cell apoptosis, death and proliferation ([@b10-ijmm-45-04-1091]-[@b14-ijmm-45-04-1091]). Recent studies confirmed that abnormal expression of multiple miRNAs is involved in the progression of neurodegenerative diseases ([@b15-ijmm-45-04-1091]-[@b17-ijmm-45-04-1091]).

It was previously demonstrated that the expression of miR-9 and miR-9\* in the hippocampi of SAMP8 mice was decreased compared with that in the age-matched control senescence-accelerated mouse-resistant 1 (SAMR1) mice, and SCN2B was one of the predicted target genes of miR-9 ([@b18-ijmm-45-04-1091]). It was also observed that miR-9 and miR-9\* participated in brain aging by targeting the mitogen-activated protein kinase kinase kinase 3 and cyclin dependent kinase (CDK) inhibitor 1C genes in SAMP8 mice ([@b18-ijmm-45-04-1091]). Based on the aforementioned data, it was inferred that miRNAs may contribute to the regulation of the age-associated changes in SCN2B expression. If such a regulatory mechanism exists, miRNAs may serve a role in the progression of cognitive decline via targeting the SCN2B gene. An understanding of the regulatory mechanism underlying the abnormal expression of SCN2B in the aging process is required to fully elucidate the potential role and underlying molecular mechanism of SCN2B in the cognitive decline associated with the aging process.

The aim of the present study was to investigate whether miRNAs participate in the pathological process of cognitive decline in the aging brain by regulating the expression of SCN2B. The results may help identify a miRNA-based therapy that may lead to an effective and innovative pharmaceutical treatment strategy in the future.

Materials and methods
=====================

Ethics statement
----------------

Animal use and care were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health ([@b19-ijmm-45-04-1091]) and the Care and Use of Experimental Animals Guidelines established by the Ministry of Medicine of Yunnan, China. The ethics committee of Kunming Medical University approved the study protocol (permit no. km-edw-2013118).

Mouse preparation
-----------------

Male SAMP8 and SAMR1 mice, aged 4 (SAMP8, n=5; SAMR1, n=3) and 12 (SAMP8, n=5; SAMR1, n=3) months, respectively, were purchased from the Tianjin Traditional Chinese Medical College and maintained at the Kunming Institute of Zoology. The mice were kept at 21-23°C with a 12:12 h light/dark cycle, and food and drinking water were available *ad libitum*. The mice were sacrificed following anesthesia by 2.5% inhaled isoflurane and their tissues were harvested rapidly and placed on ice.

SAMP8 is an autogenic senile strain characterized by early cognitive impairment and age-associated deterioration of learning and memory; the SAMR1 strain was used as the control. SAMP8 has become a major biogerontological resource in studies investigating aging.

Samples of the prefrontal cortex and hippocampus were collected from 5 4-month-old SAMP8 and 5 12-month-old SAMP8 mice. The age-matched SAMR1 mice were used as control (n=3). Tissues were then collected and RNA was isolated using TRIzol^®^ reagent (Gibco; Thermo Fisher Scientific, Inc.). Total RNA from each sample was quantified by the NanoDrop ND-1000 (NanoDrop Technologies) and RNA integrity was assessed by standard denaturing agarose gel electrophoresis. Briefly, 10 *µ*g of RNA sample per lane was prepared in 2 *µ*l 10X MOPS (0.2 mol/l MOPS pH 7.0; 20 mmol/l sodium acetate; 10 mmol/l EDTA pH 8.0; Beyotime Institute of Biotechnology), 4 *µ*l 13.3 mol/l formaldehyde, 10 *µ*l 10 mol/l formamide and 1 *µ*l 200 *µ*g/ml ethidium bromide (EB; Beyotime Institute of Biotechnology) in a nucleic acid-freed 1.5 ml tube. The RNA sample was incubated at 55°C for 60 min, cooled at 4°C for 20 min and centrifuged at 1,000 × g for 5 min. The sample was then mixed with 2 *µ*l BeyoRed DNA loading buffer (D0072; Beyotime Institute of Biotechnology) with 0.05 U RNase Inhibitor (R0102-2 kU; Beyotime Institute of Biotechnology). The RNA was analyzed by electrophoresis using a 1.5% agarose gel stained with EB with 1X MOPS buffer and visualized using an ultraviolet Bio-Gel imager (Bio-Rad Laboratories, Inc.). Total intact RNA with 18S and 28S ribosomes from each sample was used for labeling and array hybridization.

RNA labeling and array hybridization
------------------------------------

The miRNA micro-array experiments were performed using a Mouse miRNA Expression Array V3.0 chip (Aksomics, Inc.) to scan the differentially expressed miRNAs in the prefrontal cortex or hippocampal tissues of SAMP8 and SAMR1 mice aged 4 and 12 months, respectively. Total RNA was extracted by the TRIzol^®^ reagent (Gibco; Thermo Fisher Scientific, Inc.) and quantified for purity and concentration using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Inc.). Following hybridization, the different fluorescence intensities of miRNA were obtained by image scanning. Differentially expressed genes were identified through fold-change filtering. Hierarchical clustering was performed using the Agilent GeneSpring GX software (Agilent Technologies, Inc.).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

miRNAs were quantified using RT-qPCR. RNA from cells and tissue samples were prepared using TRIzol^®^ reagent (Gibco; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. cDNA was synthesized from total RNA using gene-specific primers using the TaqMan MicroRNA Assay (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Concentrations of RNA samples were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The 20 *µ*l PCR reaction contained 10 *µ*l 2X PCR Master Mix (Roche Diagnostics), 0.25 *µ*l primer (10 pmol/l), 1 *µ*l cDNA template and 8.5 *µ*l PCR nuclease-free water. The primer sequences were as follows: U6 forward, 5′-CTC GCT TCG GCA GCA CA-3′ and reverse, 5′-AAC GCT TCA CGA ATT TGC GT-3′; miR-34a-5p forward, 5′-TCG GAT CTT CCA AGG CTC-3′ and reverse, 5′-GCT GTC AAC GAT ACG CTA CGT AAC G-3′; miR-449a forward, 5′-AAT CCG TCT CCC TAA CTC TAG GCT T-3′ and reverse, 5′-GCT GTC AAC GAT ACG CTA CGT AAC G-3′; miR-9 forward, 5′-CTC TCC GGA TAT CCG TTG CTC CGG TCT C-3′ and reverse, 5′-GCT GTC AAC GAT ACG CTA CGT AAC G-3′ (Takara Biotechnology Co., Ltd.). The thermocycling conditions were as follows: 95°C for 3 min, followed by 40 cycles of 94°C for 35 sec, 56.5°C for 30 sec and 72°C for 30 sec. Samples were normalized to the housekeeping gene U6. Relative gene expression was determined using the 2^−ΔΔCq^ method ([@b20-ijmm-45-04-1091]) and the experiment was repeated three times.

Cell culture
------------

The primary mouse hippocampal neuron culture was performed by using previously described methods ([@b21-ijmm-45-04-1091],[@b22-ijmm-45-04-1091]). Briefly, neonatal mice (0 days) were decapitated following anesthesia with isoflurane, and the hippocampi were carefully separated. The hippocampi were digested with 0.05% trypsin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C for 10 min, then centrifuged at 1,000 rpm for 10 min at room temperature following trypsin digestion. Neurons were resuspended in complete culture medium containing DMEM-high glucose (HyClone; GE Healthcare Life Sciences), 15% fetal calf serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin. Cells at the required density (5×10^5^ cells/ml) were seeded onto the PPL-coated culture plate. The cells were cultured in a humidified incubator at 37°C with 5% CO~2~. Thereafter, the culture media from each well were replaced with fresh composite media every third day.

Bioinformatics predictions
--------------------------

To identify potential miRNAs that may target SCN2B, multiple computational algorithms, including TargetScan ([@b23-ijmm-45-04-1091]-[@b27-ijmm-45-04-1091]), miRanda ([@b28-ijmm-45-04-1091]) and Diana microT v5.0 ([@b29-ijmm-45-04-1091],[@b30-ijmm-45-04-1091]), were used for bioinformatics predictions as previously described ([@b31-ijmm-45-04-1091]). The potential miRNAs were predicted according to the sequence of the SCN2B 3′-UTR.

Cell transfection
-----------------

The primary neurons were plated in 6-well culture plates at a density of 2.0×10^6^ per plate for RIP-Chip transfections, as described previously ([@b10-ijmm-45-04-1091],[@b32-ijmm-45-04-1091]). Briefly, artifi-cial \'Pre-miRNA\' referent tommu-miR-449a was designed and purchased from Ambion; Thermo Fisher Scientific, Inc. At 24 h after seeding, cells were transfected with 10 *µ*l of 25 nM each \'Pre-miRNA\', or negative control (NC) miRNA (Ambion; Thermo Fisher Scientific, Inc.) using RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The sense sequences were as follows: mmu-miR-449a: GGC AGU GUA UUG UUA GCU G, and NC miRNA: AGU ACU GCU UAC GAU ACG G. Following transfection, the cells were cultured for 48 h prior to further experimentation.

Northern blot analysis
----------------------

To evaluate the effectiveness and specificity of miRNA transfections, Northern blots were employed according to a previously described protocol ([@b33-ijmm-45-04-1091]). Northern blot analyses were performed using RNA isolated from cultured neurons 48 h after transfection with miRNAs.

RNA immunoprecipitation chip (RIP-Chip)
---------------------------------------

A total of 3 miRNAs, miR-9, miR-449a and miR-34a-5p, each of which was predicted by all 3 software programs and were downregulated in the SAMP8 mouse brain, were selected for further validation among the numerous miRNAs identified. The anti-AGO co-immunoprecipitation (co-IP) and downstream microarray analyses (RIP-Chip) were employed to confirm the results of computationally-predicted miRNAs targeting SCN2B.

Co-IP of microribonucleoparticles (miRNPs)
------------------------------------------

The RIP-Chip co-IP assay protocol employed in the present study has been previously described in detail ([@b32-ijmm-45-04-1091],[@b34-ijmm-45-04-1091]). Briefly, cells were harvested 48 h after transfection. Cell lysates were subjected to preclearance by incubation with pre-blocked protein G beads (Invitrogen; Thermo Fisher Scientific, Inc.) at 4°C for 60 min. Co-IP with either Ago (cat. no. K004319P; Beijing Solarbio Science and Technology Co., Ltd.)-protein G beads or non-immune mouse serum (Pierce; Thermo Fisher Scientific, Inc.)-protein G beads, was then performed at 4°C for 90 min using lysate aliquots. Following co-IP, the beads were washed 3-5 times with lysis buffer at room temperature. Beads and lysates were then subjected to DNase treatment by gently shaking and incubating at 37°C for 20 min with 250 *µ*l DNA digestion solution (Pierce; Thermo Fisher Scientific, Inc.). The immunoprecipitated RNA and total RNA from lysates were then extracted using TRIzol LS (Invitrogen; Thermo Fisher Scientific, Inc.) as described previously ([@b33-ijmm-45-04-1091]).

Post-Co-IP microarray analysis
------------------------------

Microarray analysis of RNAs isolated via co-IP was performed using a Mouse 12×135 K Gene Expression Array manufactured by Roche NimbleGen, Inc. A total of 8 biological replicates from 3 individual experiments were performed for each transfection condition. For gene array, slides were scanned at 5 *µ*m/pixel resolution using an Axon GenePix 4000B scanner (Molecular Devices, LLC) piloted by GenePix Pro 6.0 software (Axon; Molecular Devices, LLC). The scanned images were then imported into NimbleScan software (v.2.5; Roche NimbleGen, Inc.) for grid alignment and expression data analysis. Expression data were subjected to quantile normalization and the Robust Multichip Average (RMA) algorithm included in the NimbleScan software. All gene level files were imported into Agilent GeneSpring GX software (v.11.5.1; Agilent Technologies, Inc.) for further analysis. Differentially expressed genes were identified through fold-change filtering. Hierarchical clustering was performed using the Agilent GeneSpring GX 11.0 software (Agilent Technologies, Inc.). The functions of the differentially expressed miRNAs were analyzed by Gene Ontology (GO) ([@b35-ijmm-45-04-1091],[@b36-ijmm-45-04-1091]) and Kyoto Encyclopedia of Genes and Genomes (KEGG) ([@b37-ijmm-45-04-1091]-[@b39-ijmm-45-04-1091]) databases.

RNA preparation and quantification
----------------------------------

Following careful rinsing in cooled PBS, cells were homogenized on ice using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was isolated using TRIzol, according to the manufacturer\'s protocol. RNA quality and quantity were measured using an ND-1000 NanoDrop spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc.), and RNA integrity was determined by gel electrophoresis. An equal amount of RNA (4 *µ*g) was used for each experiment.

RT-qPCR analysis was performed according to the protocol described previously to detect the expression levels of the SCN2B gene ([@b32-ijmm-45-04-1091]). β-actin was used as a reference and subtracted for net changes. Gene primers were synthesized by Takara Bio, Inc. Each data point represents the results of 3 technical replicates. The primer sequences were as follows: SCN2B forward, 5′-CTA CAC CGT GAA CCA CAA GCA-3′ and reverse, 5′-GAC CAC AGC CAG GAA ACC C-3′; β-actin forward, 5′-ATA TCG CTG CGC TGG TCG TC-3′ and reverse, 5′-AGG ATG GCG TGA GGG AGA GC-3′.

Dual-luciferase reporter gene assay
-----------------------------------

The potential target sites for miR-449a on the mouse SCN2B mRNA 3′-UTR seed regions, including both wild-type (wt) and mutant (mut) sequences, were cloned. The artificially cloned sequences were inserted downstream of the luciferase reporter gene, pGL3 (Guangzhou RiboBio Co., Ltd.), to generate the SCN2B 3′-UTR-wt and SCN2B 3′-UTR-mut vectors, as described previously ([@b40-ijmm-45-04-1091],[@b41-ijmm-45-04-1091]). Briefly, 293T cells (purchased from Institute of Biochemistry and Cell Biology, Shanghai, China) were seeded in 96-well plates and co-transfected with 100 ng/ml of each pGL3-SCN2B 3′-UTR-wt or -mut vector and 35 nM miR-449a mimics or NC (Guangzhou RiboBio Co., Ltd.). Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) was used as the transfection reagent. The effects of miR-449a treatment on luciferase activity were measured at 48 h post-transfection. The firefly and *Renilla* luciferase activities were separately measured using a Dual Luciferase Reporter Assay System kit (Promega Corporation) and a Tecan M200 luminescence reader (Tecan Group, Ltd.) according to the manufacturer\'s instructions. The relative transcriptional activity was normal-ized to *Renilla* luciferase activity.

Cell treatment
--------------

To determine whether miR-449a contributed to aging-associated pathological events in SAMP8 mice by targeting SCN2B, miR-449a overexpression and miR-449a inhibition was established in cultured primary neurons. A lentiviral system was employed for miR-449a/SCN2B overexpression (plenti-miR-449a/plenti-SCN2B; Guangzhou RiboBio Co., Ltd.), while miRNA sponge technology was used to inhibit miR-449a activity (miR-449a-sponge) as described previously ([@b40-ijmm-45-04-1091],[@b42-ijmm-45-04-1091]). The blank plasmid lemiR, referred to as lemiR, and the non-binding sponge sequence, referred to as CX-control, were used as controls. The expression of SCN2B was inhibited by transfection with the pNX-U6 plasmid (Takara Biotechnology, Co., Ltd.) ligated with small interfering RNA (siRNA) targeting SCN2B (SCN2B-siRNA; 20 nM; Guangzhou RiboBio Co., Ltd.), with the pNX-U6 plasmid alone serving as a blank control (empty-siRNA) ([@b43-ijmm-45-04-1091]). Additionally, plenti-miR-449a was also co-transfected with plenti-SCN2B using the aforementioned lentiviral overexpression system, and was termed \'plenti-miR-449a + plenti-SCN2B\'. The plenti-miR-449a co-transfected with lemiR served as a control, named \'plenti-miR-1 + SCN2B control\'. Similarly, the miR-449a-sponge was co-transfected with the SCN2B-siRNA plasmid, or with the empty-siRNA to serve as a control, and referred to as \'miR-449a-sponge + SCN2B-siRNA\' and \'miR-449a-sponge + empty-siRNA\', respectively. Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) was used as the transfection reagent.

The miR-449a expression and SCN2B mRNA and protein levels were evaluated at 48 h after transfection. Then the neurons were photographed under a fluorescence LEICA DMI6000B microscope (LAS AF system; Leica Microsystems GmbH) at ×200 magnification. The effects of miR-449a overexpression and inhibition on neuronal growth were additionally evaluated by measuring the axon length, areas of neurons and cell numbers using Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).

Western blot analysis
---------------------

Western blot analysis was used to evaluate the SCN2B protein expression levels in primary neurons transfected with miR-449a overexpression or sponge vectors, according to a previously described protocol ([@b6-ijmm-45-04-1091],[@b43-ijmm-45-04-1091]). Briefly, cell samples were lysed on ice for 30 min in CytoBuster Protein Extraction Buffer (Novagen; Merck KGaA), and 50 *µ*g protein was used for 10% SDS-PAGE. The proteins were then transferred to a nitrocellulose membrane and blocked using TBS + 100% Tween-20 (TBST) containing 5% non-fat milk powder for 1 h at room temperature. The membrane was subsequently incubated with goat anti-SCN2B (1:800; cat. no. ASC-007; Alomone Labs) and anti-GAPDH (1:500; cat. no. sc-47724; Santa Cruz Biotechnology, Inc.) antibodies at 4°C overnight. Following washing in TBST, the membrane was incubated with horseradish peroxidase-conjugated anti-mouse secondary antibodies (1:1,000; cat. no. sc-516132; Santa Cruz Biotechnology, Inc.) for 2 h at 25°C. The bands were visualized by an electrochemiluminescence technique (Best-Bio Co., Ltd.). Images were captured using the JS Gel Imaging System (Shanghai Peiqing Science & Technology Co., Ltd.), and gray densities were calculated using SensiAnsys software (version JS-680D; Shanghai Peiqing Science & Technology Co., Ltd.).

Statistical analyses
--------------------

Statistical analyses were performed using SPSS v.16.0 (SPSS, Inc.). Data are presented as the mean ± standard deviation. The statistical significance among multiple groups was evaluated by one-way ANOVA followed by Bonferroni\'s post hoc test, whereas comparisons between two groups were performed using Student\'s t-test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

miRNA microarray analysis
-------------------------

In order to elucidate the regulatory mechanism underlying the increased expression of SCN2B with aging, miRNA microarray analysis was performed to compare the miRNA expression profiles in the prefrontal cortex and hippocampus between the SAMP8 and SAMR1 mice aged 4 and 12 months, respectively. Microarray analysis identified multiple differentially expressed miRNAs in the prefrontal cortex and hippocampus of SAMP8 mice compared with the SAMR1 mice (P\<0.05; [Fig. 1A](#f1-ijmm-45-04-1091){ref-type="fig"}). The data suggested that expressional alteration of miRNAs may contribute to the SCN2B regulation associated with aging in SAMP8 mice. Based on these data, the present study then focused on the abnormally downregulated miRNAs in SAMP8 mice at 12 months compared with the age-matched control mice. In order to identify the potential miRNAs that may target SCN2B, the present study focused on the downregulated miRNAs, which were also predicted by the computational algorithms TargetScan ([@b23-ijmm-45-04-1091]-[@b27-ijmm-45-04-1091]), miRanda ([@b28-ijmm-45-04-1091]) and Diana microT v5.0 ([@b29-ijmm-45-04-1091],[@b30-ijmm-45-04-1091]) with the presence of 8-mer site in the 3′-UTR of the SCN2B gene; miR-449a, miR-34a-5p and miR-9a were identified for subsequent analyses.

RT-qPCR was utilized to validate the expression levels of miR-449a, miR-34a-5p and miR-9a mRNA in the prefrontal cortex and hippocampi of the SAMP8 mice. No significant differences in the expression levels of all 3 miRNAs were observed at the age of 4 months compared with the SAMR1 mice ([Fig. 1B](#f1-ijmm-45-04-1091){ref-type="fig"}). However, miR-449a was identified to be significantly decreased in both the prefrontal cortex and hippocampus, miR-34a-5p was decreased in the prefrontal cortex, while miR-9a was decreased in the hippocampus of 12-month-old SAMP8 mice compared with the age-matched SAMR1 controls ([Fig. 1B](#f1-ijmm-45-04-1091){ref-type="fig"}).

These results indicated that the downregulation of miR-449a, miR-34a-5p and miR-9 may be involved in the aging process of the prefrontal cortex or hippocampus of SAMP8 mice, which may be mediated by regulating their target genes.

Dual-luciferase reporter assay indicates SCN2B as a target of mirR-449a
-----------------------------------------------------------------------

To identify the miRNAs that regulate SCN2B, a dual-luciferase analysis was performed. SCN2B 3′-UTR-wt and SCN2B 3′-UTR-mut were co-transfected with miR-449a, miR-9, miR-34a-5p mimics or NC control. The results revealed that the miR-449a mimic decreased the luciferase activity of the SCN2B 3′-UTR-wt cells, but exerted no effect on the SCN2B 3′-UTR-mut cells, as compared with the miR-NC-treated group ([Fig. 2A](#f2-ijmm-45-04-1091){ref-type="fig"}). Furthermore, as demonstrated in [Fig. 2B and C](#f2-ijmm-45-04-1091){ref-type="fig"}, no significant changes in the luciferase activities of the SCN2B 3′-UTR-wt or SCN2B 3′-UTR-mut cells following transfection with miR-9 or miR-34a-5p, compared with the matched NC controls. These results indicated that miR-449a may directly regulate SCN2B 3′-UTR by acting on the seed region \'CAC UGC CG\'.

SCN2B is highly enriched in miR-449a-Ago-miRNPs complex
-------------------------------------------------------

Northern blots ([Fig. 3A](#f3-ijmm-45-04-1091){ref-type="fig"}) were performed using RNA isolated from neurons 48 h after transfection with miR-449a, which was performed to examine the effectiveness and specificity of miRNA transfections. The results demonstrated that transfected miR-449a was successfully incorporated into the neurons.

To verify that miR-449a targeted SCN2B, an RIP-Chip analysis was performed to validate the putative miRNA targets identified by co-IP miRNPs following the transfection of miR-449a in primary hippocampal cells of mice. The primary hippocampal cells incubated with Ago antibody were treated with miR-449a probe, and target genes bound to the Ago-miRNPs complex were detected. Large amounts of enriched SCN2B mRNA were detected in the co-precipitated miR-449a-Ago-miRNPs complex. As demonstrated in [Fig. 3B and C](#f3-ijmm-45-04-1091){ref-type="fig"}, the target mRNA, which was highly enriched with Ago-miRNPs, was confirmed to be SCN2B. This result represents important evidence that miR-449a may target the SCN2B mediated by Ago-miRNPs in cultured hippocampal neurons *in vitro*.

SCN2B is a valid target of miR-449a
-----------------------------------

In neurons overexpressing miR-449a, treatment with plenti-miR-449a downregulated the expression of SCN2B mRNA by 75%. Treatment with plenti-SCN2B partially restored SCN2B expression compared with the CX-control ([Fig. 4A](#f4-ijmm-45-04-1091){ref-type="fig"}). By contrast, inhibition of miR-449a increased SCN2B mRNA expression by 2.1-fold in miR-449a-sponge-transfected neurons compared with the CX-control ([Fig. 4B](#f4-ijmm-45-04-1091){ref-type="fig"}). SCN2B-siRNA treatment partially reversed the miR-449a inhibition-induced effects. Similar changes in SCN2B protein levels were also observed in neurons following transfection with various chemicals ([Fig. 4C and D](#f4-ijmm-45-04-1091){ref-type="fig"}). These results confirmed SCN2B as a target gene of miR-449a. Considering the potential roles of SCN2B in the aging-associated cognitive deficit ([@b5-ijmm-45-04-1091],[@b6-ijmm-45-04-1091]), the effects of SCN2B and miR-449a on the neurite growth of hippocampal neurons in mice was evaluated.

Treatment with plenti-miR-449a increased the mean neurite length of primary cultured neurons compared with the matched lemiR-treated control ([Fig. 5](#f5-ijmm-45-04-1091){ref-type="fig"}). By contrast, miR-449a-sponge transfection induced shorter extension compared with that of the CX-control ([Fig. 5](#f5-ijmm-45-04-1091){ref-type="fig"}). The extension length was partially decreased in plenti-miR-449a following plenti-SCN2B transfection when compared with the plenti-miR-449a + lemiR SCN2B-treated controls ([Fig. 5](#f5-ijmm-45-04-1091){ref-type="fig"}). SCN2B-siRNA partially restored the decreased neurite extension induced by the miR-449a-sponge (miR-449a-sponge + SCN2B-siRNA vs. miR-449a-sponge + empty-siRNA). These results suggested that miR-449a may serve a key role in neuron growth and the associated progression of brain aging by targeting SCN2B.

Discussion
==========

In the present study, miRNAs expression profiles in the prefrontal cortex and hippocampi of 4- and 12-month SAMP8 mice and age-matched SAMR1 controls were detected by miRNA micro-array. The SAMP8 strain is an animal model of rapid aging, and is ideal for studying brain aging and dementia ([@b44-ijmm-45-04-1091]). SAMP8 mice not only have pathological characteristics associated with AD, such as excessive phosphorylation of tau protein and Aβ deposition, but also exhibit similar behavioral characteristics to those of elderly humans ([@b45-ijmm-45-04-1091],[@b46-ijmm-45-04-1091]). The present study revealed that numerous miRNAs detected in the cortex and hippocampus of aged SAMP8 mice exhibited differences in expression levels from the aged-matched SAMR1 controls. It was therefore inferred that the downregulated miRNAs may contribute to the upregulated genes associated with brain aging. Following consolidation of the results of miRNA microarray analysis and the predicted lists of target genes obtained by bioinformatics analysis, 3 miRNAs were selected for subsequent analysis: miR-449a, miR-34a-5p and miR-9. RT-qPCR analysis verified the results of the miRNA chip assay, which demonstrated decreased levels of miR-449a, miR-34a-5p and miR-9 in the frontal cortex or hippocampus of 12-month old SAMP8 mice. The subsequent dual-luciferase reporter assay confirmed that miR-449a targets SCN2B by binding to the 3′-UTR of the SCN2B seed region \'CACUGCCA\'. Anti-Ago co-IP combined with Affymetrix microarray analyses were utilized in the present study as described previously ([@b32-ijmm-45-04-1091]), which verified that the target mRNA highly enriched in the miR-449a-Ago-miRNPs complex was SCN2B. These results represent important evidence of the direct regulation of SCN2B by miR-449a in cultured hippocampal neurons. The knockout and overexpression experiments demonstrated that SCN2B was a valid target of miR-449a. It was also revealed that miR-449a upregulation or SCN2B downregulation promoted the extension of the processes of cultured neurons. Co-transfection with SCN2B overexpression or siRNA vectors partially neutralized the effects induced by miR-449a upregulation or downregulation. These data suggest that miR-449a may serve an important role in neuron growth and associated progression of aging by targeting SCN2B.

The crucial role of miR-449a in various diseases, such as breast and pancreatic cancer, osteosarcoma, gastric carcinoma, viral hepatitis and hypoxia-induced conditions has been well-documented ([@b47-ijmm-45-04-1091]-[@b51-ijmm-45-04-1091]). Previous studies also verified numerous target genes regulated by miR-449a, including CDKs ([@b52-ijmm-45-04-1091]-[@b54-ijmm-45-04-1091]), hepatocyte growth factor/c-Met receptor system (HGF/MET) ([@b55-ijmm-45-04-1091]) and synaptotagmin 1 (Syt1) ([@b56-ijmm-45-04-1091]), among others. miR-449a was demonstrated to be involved in the development and progression of AD through a variety of molecular mechanisms by regulating target genes. CDKs have been confirmed to be downregulated in AD ([@b57-ijmm-45-04-1091]). HGF/MET was able to induce dendritic arborization and synaptogenesis when stimulated by N-hexanoic-Tyr-Ile-([@b6-ijmm-45-04-1091]) aminohexanoic amide and it served a role in facilitating the formation of new functional synaptic connections and augmenting memory consolidation in animal models of AD ([@b58-ijmm-45-04-1091]). The downregulation of HGF/MET in the brain functional regions of patients with AD was associated with a poor prognosis ([@b59-ijmm-45-04-1091]). Syt1, as a novel amyloid precursor protein-interacting protein, promotes Aβ generation and regulates the Aβ level of the synapse, serving a potentially important role in the pathogenesis of AD ([@b60-ijmm-45-04-1091],[@b61-ijmm-45-04-1091]). The expression of Syt1 was significantly down-regulated in cerebrospinal fluid and brain tissue samples of human patients with early-onset AD ([@b62-ijmm-45-04-1091]). Therefore, by regulating a series of target molecules, such as CDKs ([@b57-ijmm-45-04-1091]) and/or Syt1 ([@b60-ijmm-45-04-1091]-[@b62-ijmm-45-04-1091]), miR-449a may be involved in the synaptogenesis of neurons and the regulation of Aβ levels.

The results of the present study demonstrated that miR-449a levels decrease with aging in mice and that the overexpression of miR-449a promotes the extension of neuronal processes, suggesting that miR-449a may serve an important role in the occurrence and development of neuro-degenerative diseases. SCN2B, covalently linked to a subunit, is enriched in the central nervous system, and has been well characterized as a cell-cell adhesion protein ([@b63-ijmm-45-04-1091],[@b64-ijmm-45-04-1091]). Nav2β serves a key role in neuropathic pain ([@b65-ijmm-45-04-1091],[@b66-ijmm-45-04-1091]), cardiac arrhythmias ([@b67-ijmm-45-04-1091]), Brugada syndrome ([@b68-ijmm-45-04-1091]), epilepsy ([@b69-ijmm-45-04-1091]), multiple sclerosis ([@b70-ijmm-45-04-1091]) and perineural invasion in prostate cancer ([@b71-ijmm-45-04-1091]). Studies have suggested that Navβ2 is a substrate of β-site APP-cleaving enzyme 1 ([@b7-ijmm-45-04-1091],[@b72-ijmm-45-04-1091]). Navβ2 knockdown improved cognition and restored sodium current density in hippocampal neurons and neuronal activity in APP/PS1 mice ([@b7-ijmm-45-04-1091]), whereas presenilin/secretase-mediated cleavage of the Navβ2-CTF (Navβ2-C-terminal fragment) regulates cell adhesion and migration ([@b64-ijmm-45-04-1091]). SCN2B knockdown significantly decreases the expression of amyloid precursor protein and the deposition of Aβ41,42 in the hippocampus of transgenic mice. SCN2B may be involved in the pathogenesis of AD by changing the stability and excitability of sodium ion channels. Experiments conducted in the present study verified that SCN2B is a valid target of miR-449a, and that miR-449a may regulate the process of brain aging by targeting SCN2B.

In conclusion, the present study demonstrated that the age-associated increase in SCN2B is associated with the regulation of miR-449a, which may serve a crucial role in brain aging by targeting SCN2B. These data may suggest a novel pathogenetic mechanism and potential candidate for the treatment of brain aging.
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###### 

miRNA microarray profiling and validation. (A) Heatmap demonstrating differentially expressed miRNAs, analyzed by hierarchical clustering for all targets. Red indicates high relative expression, and green indicates low relative expression. Fold-change filtering was used to indicate the differentially expressed miRNAs between 4- and 12-month-old mice. The threshold was fold change ≥2.0. (B) Quantitative polymerase chain reaction analysis revealed that the expression levels of miR-449a, miR-34-5p and miR-9 in the prefrontal cortex or/and hippocampus of SAMP8 mice were significantly decreased compared with the age-matched SAMR1 controls. SAMP8, senescence-accelerated mice; SAMR1, normal aging mice (senescence-accelerated mouse resistant).
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![Identification of the 3′-UTR seed region of SCN2B mRNA targeted by miR-449a. A dual-luciferase activity assay for SCN2B 3′UTR-wt or SCN2B 3′UTR-mut detected firefly and luciferase activities following transfection with (A) miR-449a, (B) miR-9, (C) miR-34a-5p mimic or miR-NC. (A): Relative luciferase activity of miR-449a mimics co-transfected with SCN2B 3′UTR-wt or 3′UTR-mut (left panel) and seed regions of SCN2B gene directly regulated by miR-449a (right panel). NC, negative control; UTR, untranslated region; wt, wild-type; mut, mutant; SCN2B, sodium channel voltage-gated beta 2.](IJMM-45-04-1091-g02){#f2-ijmm-45-04-1091}

![SCN2B is highly enriched in miR-449a-Ago-miRNPs complex. (A) Northern blot analysis of miRNPs isolated following miR-449a transfection. The results revealed that miR-449a was specifically recruited to miRNPs following miRNA transfection. (B) Enrichment of target genes of miR-449a-Ago-miRNPs complex in primary hippocampal neurons (n=3,953). Relative SCN2B enrichment in miRNPs consistently increased by \>10-fold following miR-449a trans-fection. (C) Compared with the control group, the enrichment of SCN2B following miR-449a probe treatment was significant. SCN2B, sodium channel voltage-gated β2; miR, microRNA; miRNPs, microribonucleoparticles; IP-Ago, anti-Ago immunoprecipitation.](IJMM-45-04-1091-g03){#f3-ijmm-45-04-1091}

![SCN2B is regulated by miR-449a in hippocampal neurons. (A) miR-449a expression in primary cultured hippocampus neurons following different treatments. (B) SCN2B mRNA expression in primary cultured hippocampal neurons following different treatments. (C) Representative western blot analysis for SCN2B protein expression. (D) SCN2B protein levels in primary cultured hippocampal neurons following different treatments. All data are representative of 5 independent experiments and are presented as the mean ± standard deviation (n=5). SCN2B, sodium channel voltage-gated β2; miR, microRNA; lemiR, blank plasmid lemiR; CX-control, non-binding sponge sequence; siRNA, small interfering RNA.](IJMM-45-04-1091-g04){#f4-ijmm-45-04-1091}

![miR-449a alters neurite extension by targeting SCN2B. (A) Micrograph of primary cultured hippocampal cells with various treatments. Magnification, ×200. Scale bar, 100 *µ*m. (B) The mean neurite lengths were quantitated. miR, microRNA; SCN2B, sodium channel voltage-gated β2; lemiR, blank plasmid lemiR; CX-control, non-binding sponge sequence; siRNA, small interfering RNA.](IJMM-45-04-1091-g05){#f5-ijmm-45-04-1091}
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